Abstract. Ischemia-reperfusion (I/R) injury is important in the pathogenesis and/or progression of various diseases, including stroke, cardiovascular disease and acute renal injury. Increasing evidence indicates that atorvastatin exerts protective effects in I/R injury-associated diseases; however, the underlying mechanisms remain to be fully elucidated. In the present study, oxygen-glucose deprivation (OGD)/reperfusion-stimulated. RAW264.7 murine macrophages served as a model of I/R injury. The knockdown of peroxisome proliferator activated receptor-γ (PPARγ) expression in these cells increased OGD/reperfusion-induced expression of inducible nitric oxide synthase (iNOS), tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ), and enhanced OGD/reperfusion-induced downregulation of the expression of cluster of differentiation (CD) 206, at the mRNA and protein levels. Conversely, overexpression of PPARγ significantly attenuated OGD/reperfusion-induced alterations in the expression of iNOS, TNF-α, IFN-γ and CD206 at the mRNA and protein levels. Notably, atorvastatin inhibited OGD/reperfusion-induced iNOS expression and reversed OGD/reperfusion-induced downregulation of the expression of CD206 and PPARγ at the mRNA and protein levels. The results of the present study indicate that atorvastatin exhibits significant anti-inflammatory effects in OGD/reperfusion-stimulated RAW264.7 cells, possibly via PPARγ regulation. The findings of the present study may reveal a novel mechanism underlying the protective effects of atorvastatin in I/R injury-associated diseases.
Introduction
Ischemia-reperfusion (I/R) injury-associated diseases, including stroke, cardiovascular disease and acute renal failure are among the leading causes of mortality or disability worldwide (1, 2) . I/R injury is a complex pathophysiological process (3) in which a variety of factors are important, including the production of reactive oxygen species (ROS), calcium overload and mitochondrial dysfunction (3, 4) . Increasing evidence indicates that I/R injury induces the production of numerous cytokines and chemokines, which are key for I/R-induced injury or cell death (3, 5) .
Renal I/R injury represents a major cause of acute renal injury (ARI) (6) . In ARI, macrophages, immune cells that are widely distributed in tissues and organs (7) , rapidly enter the site of injury and produce effector molecules, which initiate the inflammatory response and recruit other immune cells (8) . Accumulating evidence suggests that inflammatory mediators produced by macrophages are critical for the pathogenesis of I/R injury in ARI (8) (9) (10) . High levels of pro-inflammatory cytokines, including inducible nitric oxide synthase (iNOS), interleukin (IL)-1β, IL-6 and tumor necrosis factor-α (TNF-α) are present in ARI patients (10, 11) . Notably, gene polymorphisms and the levels of certain cytokines may have predictive value in clinical ARI (11, 12) . Furthermore, inhibition of macrophage migration to the site of injury or cytokine production are protective against ARI (9) .
Macrophages are polarized into various distinct populations according to the specific microenvironment (7, 8) . Following stimulation by lipopolysaccharide (LPS) and interferon-γ (IFN-γ), macrophages differentiate into the classically activated pro-inflammatory (M1) subtype, which upregulate chemokine receptor 7 and produce iNOS, TNF-α and other pro-inflammatory cytokines involved in tissue injury (13) (14) (15) (16) . Conversely, following stimulation with IL-4 and IL-13, macrophages differentiate into the alternatively activated (M2) subtype, which are responsible for anti-inflammatory cytokine production and tissue repair. M2 macrophages are characterized by high expression of cluster of differentiation 206 (CD206; the mannose receptor) and production of chitinase 3-like 3, arginase-1 and transforming growth factor-β (13-16).
Involvement of peroxisome proliferator activated receptor-γ
in the anti-inflammatory effects of atorvastatin in oxygen-glucose deprivation/reperfusionstimulated RAW264.7 murine macrophages
In ARI, M1 and M2 macrophage phenotypes are significant in kidney injury and repair (17) : M1 macrophages contribute to I/R injury, while M2 macrophages alleviate I/R injury and promote tissue repair (17) (18) (19) . Collectively, these results indicate that regulation of the balance of M1 and M2 macrophages may represent a promising therapeutic strategy for the treatment of ARI. Currently, no effective treatments for ARI are available. The 3-hydroxy-3-methylglutaryl-coenzyme reductase inhibitors (statins), including atorvastatin, are commonly used to treat high cholesterol, and additionally reduce the risk of stroke and other cardiovascular complications of type 2 diabetes (20) . Recent studies have suggested that atorvastatin may exert a beneficial effect in kidney-associated diseases, including ARI (21, 22) . Although the underlying molecular mechanisms remain to be fully elucidated, atorvastatin has been demonstrated to reduce LPS-induced upregulation of its receptor, Toll-like receptor 4 (23) . In addition, our previous study in an experimental rat I/R model suggested that atorvastatin attenuates renal injury partially via its anti-inflammatory effects (24) . However, the direct anti-inflammatory effects of atorvastatin in I/R-induced macrophages remain unclear. In the present study, oxygen-glucose deprivation (OGD)/reperfusion-stimulated RAW264.7 murine macrophages were used as a model of I/R injury to investigate the anti-inflammatory effects of atorvastatin, in order to develop novel therapies for treatment of I/R associated disorders.
Materials and methods

Antibodies and chemicals.
The primary antibodies raised in rabbits recognizing CD206 (catalog no., sc-48758), PPARγ (catalog no., sc-7196) and GAPDH (catalog no., sc-25778), and the secondary antibodies, CruzFluor™ 488-conjugated goat anti-rabbit IgG (catalog no., sc-362262) and CruzFluor™ 594-conjugated goat anti-rabbit IgG (catalog no., sc-362282) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Rabbit antibodies against IFN-γ (catalog no., ab198801), iNOS (catalog no., ab15323) and TNF-α (catalog no., ab6671) were purchased from Abcam (Cambridge, MA, USA). Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless indicated otherwise.
Cell culture. RAW264.7 murine macrophages were obtained from the American Type Cell Culture Collection (Manassas, VA, USA) and maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 1% penicillin/streptomycin at 37˚C in a humidified 5% CO 2 atmosphere.
Overexpression/knockdown of PPARγ. The pBabe-puro-PPARγ expression vector was constructed as described previously (25) . Control and PPARγ expression vectors were packaged into retroviruses by transient transfection of ecotropic packaging cells (Phoenix™; Allele Biotechnology, San Diego, CA, USA). RAW264.7 macrophages were infected with equal titers of recombinant retrovirus at 50% confluence and stable cell lines were selected with 2 µg/ml puromycin. For knockdown of PPARγ expression in RAW264.7 cells, the retroviral vector-mediated short hairpin RNA against PPARγ (5'-TAA TGT GGA GTA GAA ATG CTG TTG ATA TCC GCA GCA TTT CTA CTC CAC ATT A-3') was cloned into pRNAT-H1.1/adeno vectors (catalog no., SD1213; GenScript, New Brunswick, NJ, USA) and recombinant lentiviruses were produced by cotransfecting 293T cells with the lentivirus expression plasmid and packaging plasmids (psPAX2, catalog no., 12260; pMD2.G, catalog no., 12259, both Addgene, Cambridge, MA, USA) using the calcium phosphate method (26) . Cells with stable knockdown of expression were acquired following transfection of the plasmid into cells and selection of stable cells with 1.5 µg/ml G418.
OGD/reperfusion. OGD/reperfusion was conducted as described previously (27) . Briefly, to achieve OGD, cells were incubated in a humidified anaerobic chamber (Reming Bioinstruments Co., Redfield, NY, USA) with an atmosphere of 5% CO 2 and 95% N 2 for 60 min. The culture medium was replaced three times (every 20 min each time) with a glucose-free, balanced salt solution containing 116 mmol/l NaCl, 1.8 mmol/l CaCl 2 , 0.8 mmol/l MgSO 4 , 5.4 mmol/l KCl, 1 mmol/l NaH 2 PO 4 , 14.7 mmol/l NaHCO 3 and 0.1 mol/L4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.4). For reoxygenation, OGD cells were incubated with medium containing 5.5 mg/ml glucose in an atmosphere of 5% CO 2 and 95% air at 37˚C for 60 min. Control cells were incubated in a normoxic incubator in medium supplemented with 5.5 mmol/l glucose at 37˚C for 120 min.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
The mRNA expression levels of iNOS, CD206, PPARγ, TNF-α and IFN-γ were detected by RT-qPCR. Briefly, total RNA was extracted using RNAiso Plus (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's instructions and cDNA was synthesized using a Bio Reverse Transcription kit (Takara Bio, Inc.). RT-qPCR was performed using the SYBR Green kit of the Bio Reaction System according to the manufacturer's instructions. The primer sequences were as follows: Sense, 5'-CCA AGA ACG TGT TCA CCA TG-3' and anti-sense, 5'-GAT GTC CAG GAA GTA GGT GAG G-3' for iNOS; sense, 5'-CTA AGC CAA GGG GCA ACC -3' and anti-sense, 5'-GAA CAG CGA CCG GAA TCAC-3' for CD206; sense, 5'-CCT CCC TGA TGA ATA AAG ATG G-3' and anti-sense, 5'-GCA AAC TCA AAC TTA GGC TCC A-3' for PPARγ; sense, 5'-CGT GGA ACT GGC AGA AGAGG-3' and anti-sense, 5'-AGA CAG AAG AGC GTG GTG GC-3' for TNF-α; sense, 5'-AGC AAC AAC ATA AGC GTC AT-3' and anti-sense, 5'-CCT CAA ACT TGG CAA TAC TCA -3' for IFN-γ; and sense, 5'-GCC ATG TAC GTA GCC ATC CA-3' and anti-sense, 5'-GAA CCG CTC ATT GCC GAT AG-3' for β-actin. Thermal cycling parameters for the amplification were as follows: A denaturation step at 94˚C for 2 min, followed by 40 cycles at 95˚C for 20 sec, 58˚C for 20 sec and 72˚C for 20 sec. Relative expression levels of target genes were calculated with Mx3000P (Agilent Technologies, Inc., Santa Clara, CA, USA) according to the expression of 2 -∆∆Cq (28) . Immunofluorescence staining. Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline, permeabilized with 0.5% Triton X-100 and then blocked with 5% normal goat serum. The cells were then incubated with antibodies recognizing iNOS, CD206, PPARγ, TNF-α and IFN-γ in 1% bovine serum albumin (Gibco; Thermo Fisher Scientific, Inc.) at 4˚C overnight. The bound antibodies were detected by the secondary antibodies conjugated to CruzFluor 488 or CruzFluor 594. Cell nuclei were indicated by staining with DAPI for 15 min. Images were captured on a Zeiss fluorescence microscope (ICM-405; Carl Zeiss AG, Oberkochen, Germany) at magnification, x400.
Administration of atorvastatin and grouping of cells.
Statistical analysis. Data are presented as the mean ± standard deviation. Statistically significant differences between the groups were identified by one-way analysis of variance followed by paired Student's t-test. P<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using SPSS version 19.0 (IBM SPSS, Armonk, NY, USA).
Results
Involvement of PPARγ in OGD/reperfusion-induced alteration of iNOS, CD206, TNF-α and IFN-γ mRNA expression levels.
To investigate whether PPARγ is involved in OGD/reperfusion-induced expression of inflammatory mediators in RAW264.7 murine macrophages, knockdown and overexpression of PPARγ in RAW264.7 cells was performed. As presented in Fig. 1A , PPARγ protein expression levels in RAW264.7 cells overexpressing PPARγ were increased compared with cells that received the vehicle control. Conversely, as presented in Fig. 1B , PPARγ protein expression levels in RAW264.7 cells with PPARγ knocked down were decreased compared with cells that received the vehicle control. OGD/reperfusion-stimulated RAW264.7 murine macrophages were used as a model of I/R injury to examine the effect of OGD on the expression of iNOS, TNF-α, IFN-γ and CD206. As presented in Fig. 2 , exposure of RAW264.7 macrophages to 1 h of OGD followed by 1 h of reperfusion induced the upregulation of iNOS, TNF-α and IFN-γ, as well as the downregulation of CD206 at the mRNA level. Overexpression of PPARγ significantly attenuated OGD/reperfusion-induced expression of iNOS, TNF-α and IFN-γ at the mRNA levels ( Fig. 2A-C By contrast, knockdown of PPARγ expression significantly increased OGD-induced expression of iNOS, TNF-α and IFN-γ mRNA levels ( Fig. 2A-C; P=0 .008, P=0.009, P=0.006 for iNOS, TNF-α and IFN-γ, respectively), and significantly decreased OGD-induced downregulation of CD206 mRNA expression levels ( Fig. 2D; P=0 .009, P=0.007, P=0.007 for iNOS, TNF-α and IFN-γ, respectively). Together, these data demonstrate that PPARγ is important for the regulation of OGD/reperfusion-induced effects on the mRNA expression levels of iNOS, TNF-α, IFN-γ and CD206. 
Involvement of PPARγ in OGD/reperfusion-induced alterations of iNOS, CD206, TNF-α and IFN-γ protein expression levels.
To evaluate whether PPARγ is essential for OGD/reperfusion-induced alterations of iNOS, CD206, TNF-α and IFN-γ protein expression levels, western blotting was performed. OGD/reperfusion induced the upregulation of iNOS, TNF-α and IFN-γ, and the downregulation of CD206, at the protein level (Fig. 3) . Notably, overexpression of PPARγ in RAW264.7 cells abrogated the OGD/reperfusion-induced expression of iNOS, TNF-α and IFN-γ. In addition, western blotting indicated that overexpression of PPARγ reversed the OGD/reperfusion-induced downregulation of CD206 expression (Fig. 3) . By contrast, knockdown of PPARγ expression increased OGD-induced expression of iNOS, TNF-α and IFN-γ protein, and decreased the OGD-induced downregulated expression of CD206 protein (Fig. 3) .
Furthermore, immunofluorescence was performed to evaluate the effect of PPARγ on OGD/reperfusion-induced alterations in iNOS, CD206, TNF-α and IFN-γ expression levels. As presented in Fig. 4 , overexpression of PPARγ reversed OGD/reperfusion-induced expression of iNOS, TNF-α and IFN-γ, and downregulation of CD206. By contrast, knockdown of PPARγ expression enhanced OGD/reperfusion-induced Representative images from at least three independent experiments are presented (magnification, x400). PPARγ; peroxisome proliferator activated receptor-γ; OGD, oxygen-glucose deprivation; iNOS, inducible nitric oxide synthase; TNF-α, tumor necrosis factor-α; IFN-γ, interferon-γ; CD206, cluster of differentiation 206; Ctrl, control; shRNA, short hairpin RNA. Figure 5 . Effects of atorvastatin on the mRNA expression levels of (A) PPARγ, (B) iNOS and (C) CD206 in RAW264.7 murine macrophages that had undergone OGD/reperfusion. mRNA expression levels were analyzed by reverse transcription-quantitative polymerase chain reaction in cells cultured under normal conditions in the absence (control) or presence (atorvastatin) of atorvastatin, and in the model (OGD/R treated) and atorvastatin-treated (model+atorvastatin) cells that had undergone OGD/reperfusion. The mRNA expression levels of PPARγ, iNOS and CD206 were determined. Atorvastatin treatment significantly abrogated the OGD/reperfusion-induced increase in iNOS and significantly reversed the OGD/reperfusion-induced decrease in CD206 and PPARγ. Data are presented as the mean ± standard deviation (n=3). ** P<0.01 vs. model. PPARγ; peroxisome proliferator activated receptor-γ; OGD, oxygen-glucose deprivation; iNOS, inducible nitric oxide synthase; CD206, cluster of differentiation 206; Ctrl, control. Figure 6 . Effects of atorvastatin on the protein expression levels of PPARγ, iNOS and CD206 in RAW264.7 murine macrophages that had undergone OGD/reperfusion. Protein expression was detected by western blotting in cells cultured under normal conditions in the absence (control) or presence (atorvastatin) of atorvastatin, and in model (OGD/R treated) and atorvastatin-treated (model+atorvastatin) cells that had undergone OGD/reperfusion. Atorvastatin treatment significantly abrogated the OGD/reperfusion-induced increase in iNOS and significantly reversed the OGD/reperfusion-induced decrease in CD206 and PPARγ. GAPDH served as a loading control. PPARγ; peroxisome proliferator activated receptor-γ; OGD, oxygen-glucose deprivation; iNOS, inducible nitric oxide synthase; CD206, cluster of differentiation 206; Ctrl, control.
effects on iNOS, CD206, TNF-α and IFN-γ. Conversely, knockdown of PPARγ expression enhanced the OGD/reperfusion-induced effects on iNOS, CD206, TNF-α and IFN-γ.
Effects of atorvastatin on the mRNA expression levels of iNOS and CD206 in cells that had undergone OGD/reperfusion.
A previous study suggested that PPARγ is a target of atorvastatin (29) . In the present study, PPARγ was demonstrated to be important for OGD/reperfusion-induced alterations in the expression of iNOS, TNF-α, IFN-γ and CD206. Thus, it was investigated whether atorvastatin may regulate the OGD/reperfusion-induced alterations in PPARγ, iNOS and CD206 expression. OGD/reperfusion was demonstrated to downregulate PPARγ mRNA expression levels; atorvastatin reversed this effect (Fig. 5A) , and the difference between the model group and the model + atorvastatin group was Figure 7 . Immunofluorescencestaining detected the effects of atorvastatin on the protein expression levels of (A) PPARγ, (B) iNOS and (C) CD206 in RAW264.7 murine macrophages that had undergone OGD/reperfusion. Cells were cultured under normal conditions in the absence (control) or presence (atorvastatin) of atorvastatin, and in model (OGD/R treated), and atorvastatin-treated (model + atorvastatin) cells that had undergone OGD/reperfusion. Cells were then stained with antibodies recognizing PPARγ, iNOS and CD206 and nuclei were stained with DAPI. Representative images from at least three independent experiments are presented (magnification, x400). PPARγ; peroxisome proliferator activated receptor-γ; OGD, oxygen-glucose deprivation; iNOS, inducible nitric oxide synthase; CD206, cluster of differentiation 206; Ctrl, control. significant (P<0.001). In addition, atorvastatin significantly inhibited OGD/reperfusion-induced upregulation of the mRNA expression levels of iNOS ( Fig. 5B; P<0 .001) and reversed OGD/reperfusion-induced downregulation of the mRNA expression levels of CD206 ( Fig. 5C; P=0 .007).
Effects of atorvastatin on the protein expression of iNOS and CD206 in cells that had undergone OGD/reperfusion.
It was investigated whether atorvastatin may regulate the OGD/reperfusion-induced alterations in iNOS and CD206 protein expression. Consistent with the results of the RT-qPCR, western blotting indicated that atorvastatin reversed OGD/reperfusion-induced downregulation of PPARγ expression at the protein level, blocked OGD/reperfusion-induced upregulation of iNOS protein expression and reversed OGD/reperfusion-induced downregulation of CD206 protein expression (Fig. 6) . These results were confirmed by immunofluorescence staining (Fig. 7) . Taken together, these results suggest that atorvastatin is an important regulator of OGD/reperfusion-induced alterations in iNOS and CD206 expression at the mRNA and protein levels, and that the underlying mechanism may involve PPARγ.
Discussion
The results of the present study demonstrate that overexpression of PPARγ attenuates the OGD/reperfusion-induced upregulation of iNOS, TNF-α and IFN-γ expression, and the downregulation of CD206 expression in RAW264.7 murine macrophages. Conversely, knockdown of PPARγ expression enhanced OGD/reperfusion-induced alterations in iNOS, TNF-α, IFN-γ and CD206 expression. Notably, atorvastatin reversed OGD/reperfusion-induced alterations in iNOS and CD206 expression at the mRNA and protein levels; the underlying mechanism may be via the regulation of PPARγ expression.
Macrophages are dynamically regulated by their microenvironment, and may differentiate into the pro-inflammatory M1 subtype or the anti-inflammatory M2 subtype depending on the stimuli (16) . These two types play important roles in the production of cytokines and chemokines and are key for the regulation of I/R injury in various types of disease, including stroke (30), ARI (17) and cardiovascular disease (31) . PPARγ belongs to the nuclear receptor superfamily, and is central to the regulation of lipid and glucose metabolism, adipogenesis, glucose homeostasis, cellular differentiation, apoptosis and inflammation (32, 33) . Notably, PPARγ is important for regulating macrophage phenotype and the production of cytokines (34, 35) . However, the roles of I/R injury in the induction of cytokine production by macrophages and PPARγ in regulating I/R-induced cytokine production and macrophage phenotype remain to be fully elucidated. In the present study, OGD/reperfusion-stimulated RAW264.7 murine macrophages were used as a model of I/R injury. OGD/reperfusion upregulated the expression of iNOS, TNF-α, IFN-γ and downregulated the expression of CD206, a typical M2-type macrophage marker. Overexpression of PPARγ abrogated the OGD/reperfusion-induced alterations of iNOS, TNF-α, IFN-γ and CD206 expression levels. Conversely, knockdown of PPARγ expression enhanced the OGD/reperfusion-induced alterations of iNOS, TNF-α, IFN-γ and CD206 expression levels. These results suggest that PPARγ may be essential for regulating OGD/reperfusion-induced release of pro-inflammatory cytokines in RAW264.7 cells. Notably, PPARγ regulates the OGD/reperfusion-induced alterations in the expression of the M1 macrophage marker, iNOS and the M2 macrophage marker, CD206. However, whether OGD/reperfusion induced the phenotype changes of macrophages and whether PPARγ has a role in macrophage phenotype regulation requires further investigation.
Recent studies have suggested that atorvastatin may have a beneficial effect in kidney-associated diseases, including ARI (21, 22) . However, the protective effects of atorvastatin in I/R injury-associated diseases and the underlying mechanisms remain to be fully elucidated. Our previous study in an experimental rat I/R model indicated that atorvastatin attenuates renal injury partially via its anti-inflammatory effects (24) . However, the effect of atorvastatin on the OGD/reperfusion-induced production of inflammatory cytokines, and the underlying mechanism, remain unclear. It is well-established that atorvastatin activates PPARγ in various cell types. Grip et al (36) observed that atorvastatin activates PPAR-γ and attenuates the inflammatory response in human monocytes. Additionally, Planavila et al (37) demonstrated that atorvastatin improved peroxisome proliferator-activated receptor signaling in cardiac hypertrophy. In the present study, PPARγ was demonstrated to regulate OGD/reperfusion-induced alterations in the expression levels of iNOS, CD206, TNFα and IFNγ. Thus, the roles and underlying molecular mechanisms of atorvastatin in the regulation of OGD/reperfusion-induced alterations in iNOS and CD206 expression were investigated. OGD/reperfusion was revealed to significantly downregulate PPARγ expression at the mRNA and protein levels, an effect that was reversed by atorvastatin. Notably, atorvastatin significantly inhibited the OGD/reperfusion-induced upregulation of iNOS expression and downregulation of CD206 expression. Together these results demonstrated that atorvastatin regulates OGD/reperfusion-induced inflammation, and that the underlying mechanisms may involve PPARγ. In conclusion, the findings of the present study may reveal a novel mechanism underlying the protective effects of atorvastatin in I/R injury-associated diseases by the targeting of OGD/reperfusion-induced stimulation of macrophages. The present study is a supplement to the understanding of the mechanism driving OGD/R injuries and also provides potential for the development of therapies for the treatment of OGD/reperfusion-induced inflammation in the clinic.
